Despite their potential for facilitating high activity, thin-film conducting polymer supports have, historically, expedited only relatively weak performances in catalytic water oxidation (with current densities in the μA/ cm2 range). In this work, we have investigated the conditions under which thin-film conducting polymers may synergistically amplify catalysis. A composite conducting polymer film has been developed that, when overcoated on a bare Pt electrode, amplifies its catalytic performance by an order of magnitude (into the mA/ cm2 range). When poised at 0.80 V (vs Ag/AgCl) at pH 12, a control, bare Pt electrode yielded a current density of 0.15 mA/cm2 for catalytic water oxidation. When then overcoated with a composite poly(3,4-ethylenedioxythiophene) (PEDOT) film containing nanoparticulate Ni (nano-Ni) catalyst and reduced graphene oxide (rGO) conductor in the specific molar ratio of 4.5 (C; PEDOT): 1 (Ni): 9.5 (C; other), the electrode generated water oxidation current densities of 1.10-1.15 mA/cm2 under the same conditions (over >50 h of operation; including a photocurrent of 0.55 mA/cm2 under light illumination of 0.25 sun). Control films containing other combinations of the above components, yielded notably lower currents. These conditions represent the most favorable for water oxidation at which PEDOT does not degrade. Studies suggested that the above composite contained an optimum ratio of catalyst density to conductivity and thickness in which the PEDOT electrically connected the largest number of catalytic sites (thereby maximizing the catalytically active area) by the shortest, least-resistive pathway (thereby minimizing the Tafel slope). That is, the amplification appeared to be created by a synergistic matching of the connectivity, conductivity, and catalytic capacity of the film. This approach provides a potential means for more effectively deploying thin-film conducting polymers as catalyst supports.
Mn porphyrins, has been demonstrated to display the very useful property that it selectively splits seawater into pure oxygen only, with no measurable chlorine formation detected. 2, 3 In common with several other systems involving thin-film conducting polymer substrates however, the catalysis was only weakly active, achieving current densities in the low µA/cm 2 range. [1] [2] [3] Water oxidation is an uphill chemical reaction that requires an electrochemical cell potential of at least 1.23 V. In practice, higher potentials must be applied due to the overpotential of the oxygen evolution reaction (OER). 4 At a particular pH, 5 the activity of water oxidation electrocatalysts typically depend on the active area involved, 6 the electrical resistance of the conduction pathway to the electrode surface, and the external bias that is applied. 7 Sunlight may also be harnessed if the materials employed have wide visible absorption bands. [8] [9] [10] Conducting polymers have the potential -at least in theory -to mediate all of the above properties and thereby strongly assist the catalytic process. However, that potential has remained largely unrealised with conducting polymer substrates appearing to mostly restrain and not maximally facilitate catalytic processes. 1 A key challenge in this respect is to understand how to fabricate conducting polymer supports in a form that promotes the highest possible catalytic activity. At present, only very general guidelines are available. 1 A case in point is poly(3,4-ethylenedioxythiophene) (PEDOT), which is widely considered to be the best available conducting polymer in terms of its conductivity, processability, transparency to visible light, stability, and capacity for fast electrochemical switching. 11 Several studies have examined PEDOT within oxygen-generating electrodes. 2, 3, [12] [13] [14] However, its performance in such systems has generally been poor, being apparently hampered by a relatively low intrinsic conductivity and catalytic capacity, even at its maximum bias of 0.8 V (vs Ag/AgCl) and pH of 12. 1-3 At higher voltages and pHs, PEDOT may be susceptible to degradative over-oxidation.
To more fully understand what is needed in PEDOT thin-films, we were interested to see whether such supports could be induced to produce synergistic amplifications of catalytic performance. That is, whether a PEDOT support could accelerate a catalytic effect beyond what may be expected from the catalyst alone and, if so, how much? To test this concept we fabricated and studied composites of PEDOT that incorporated known, active OER catalysts (to boost catalytic performance) 15 and suitable conducting materials (to augment conductivity). We further varied the ratios of the components.
In this work we describe studies of uniformly deposited PEDOT composites containing nanoparticulate Ni ('nano-Ni') (av. diameter: 20 nm) as an active OER catalyst and partially reduced graphene oxide ('rGO') as a conductor. While graphene oxide (GO)
is hydrophilic 16, 17 and insulating, 18 it is more conducting in its reduced, rGO form. [19] [20] [21] Additionally, rGO has potential in OER catalysis [22] [23] [24] [25] [26] [27] [28] (and other forms of catalysis). 29 We report that thin-film composites containing specific ratios of the above components display synergistically amplified 22, [30] [31] [32] OER photoelectrocatalysis.
Moreover, the catalytic performance of a thin film of PEDOT : nano-Ni : rGO having a molar ratio of 4.5 (C; PEDOT) : 1 (Ni) : 9.5 (C; other) significantly superseded that of other combinations. It also superseded the performance of Pt, the industry-standard, The standard potential for water oxidation at pH 0 is 1.23 V vs. standard hydrogen electrode (SHE). However, at pH 12 the minimum theoretical potential is 0.52 V vs. SHE, which equates to 0.29 V vs Ag/AgCl. The testing was carried out with and without light illumination from a SoLux daylight MR16 halogen light bulb (~0.25 sun intensity).
Figure 1 depicts representative data from this study. As can be seen, increases in the relative quantity of nano-Ni initially led to higher dark currents, as well as higher photocurrents. Thus, a control PEDOT film with no nano-Ni, exhibited tiny currents (Figure 1(a) ), whereas films prepared from polymerisation mixtures containing 20 mg On this basis, PEDOT/nano-Ni films containing 125 mg of nano-Ni produced the greatest catalytic effect. Further studies examined the incorporation of rGO into this film.
The rGO was prepared as described in the Experimental Section.
2.2
Studies of PEDOT/nano-Ni/rGO on FTO. In the second stage of the study, we prepared and tested thin-films of PEDOT/nano-Ni/rGO on FTO glass in which the polymerisation mixture contained 125 mg of nano-Ni and varying weights of rGO. For these experiments, GO was synthesized in sulfuric acid using an excess of KMnO4. The GO was then incorporated into the polymerisation mix. The maximum amount of GO that could be incorporated in the films using the vapour phase polymerisation technique was 6 mg. Beyond this level, the polymerisation mixtures became too thick to spin-coat successfully. Immediately prior to testing as a (photo)electrocatalyst, the GO in the films was reduced electrochemically to rGO using cyclic voltammetry (performed in 0. To assess the influence of the rGO component on the catalytic performance of the above film, we prepared and tested control films containing: (i) 6.0 mg of rGO alone ( Figure   3 (a)), (ii) PEDOT containing 6.0 mg rGO (Figure 3(b) ), and (iii) 6.0 mg rGO and 125 mg nano-Ni only, with no PEDOT present (Figure 3(c) ). As the nano-Ni would not adhere to the FTO without a binder, a control thin-film of nano-Ni only could not be prepared.
As can be seen in Figure 3 , all of these control films produced notably smaller dark currents and photocurrents than the PEDOT/nano-Ni/rGO film containing 125 mg nanoNi and 6.0 mg rGO (Figure 2(c) ). For example, the best performing control film, which comprised of 6.0 mg rGO and 125 mg nano-Ni only, without any PEDOT present ( Figure   3 (c)), yielded a dark current that was ~0.2 mA/cm 2 lower and a photocurrent that was ~0.15 mA/cm 2 lower than the above PEDOT/nano-Ni/rGO film.
These combined differences therefore represent a net catalytic amplification (of ~0.35 mA/cm 2 ) that was created by the presence of the PEDOT in the above PEDOT/nanoNi/rGO film. This amplification is substantial, being at least 50% of the combined dark current and photocurrent of the control film ( Figure 3(c) ).
It is also noteworthy that this amplification was finely dependent on the precise composition of the PEDOT/nano-Ni/rGO film, since, as demonstrated in Figures 1 and 2 , even small changes in the quantities of nano-Ni or rGO present lead to substantial declines in the dark and photocurrents. That is, the observed amplification appeared to be synergistic in that it was dependent on the exact proportions of the components in the PEDOT/nano-Ni/rGO composite. 
2.4
Comparative Studies with Pt. While numerous OER catalysts have been examined at pHs above 13, 22-28 studies against which we could compare the above data, at pH 12, did not appear to be available. A comparison was therefore made with the standard industry OER catalyst, Pt. To that end, a FTO slide was sputter-coated with Pt (100 nm) and tested it under the same conditions. Figure 4 (a) shows the result. As can be seen, the freshly-prepared bare Pt electrode generated a steady current over 1 h of ~150 µA/cm 2 .
This was substantially less than the best performing PEDOT/nano-Ni/rGO thin film.
To properly compare the two, we overcoated a freshly-prepared Pt-coated FTO slide with a thin film of PEDOT/nano-Ni/rGO containing 125 mg of nano-Ni and 6 mg of rGO.
The resulting PEDOT/nano-Ni/rGO on Pt/FTO produced dark currents of 0.55-0.60 mA/cm 2 and photocurrents of 0.55 mA/cm 2 , to give a total current of 1.10-1.15 mA/cm The PEDOT/nano-Ni/rGO on Pt/FTO was catalytically extraordinarily robust. It yielded a consistent 1.10-1.15 mA/cm 2 for over 40 h of constant light illumination ( Figure   5 ). When the light was then turned off, the current fell to its earlier measured dark current.
After the light was again turned on, the photocurrent recovered completely, at which level it continued up to the 50 h mark.
2.5
Studies on the gas bubbles produced by the PEDOT/nano-Ni/rGO on Pt/FTO.
During the above work, gas bubbles could be seen to form and release on the PEDOT/nano-Ni/rGO film containing 125 mg nano-Ni and 6 mg rGO. To determine the identity of the gas being generated, we collected and tested it using a specialized, sealed cell ( Figure S1 ). The cell comprised of two sealed half-cells interfaced to each other via a proton conducting Nafion 117 membrane. The OER half-cell was constantly flushed with a steady stream of argon as a carrier gas; the gas outlet was connected to a dedicated gas chromatograph (as described in the Experimental Section). Periodic GC measurements indicated that the argon carrier gas passing through the OER half-cell was pure before turning the cell on but contained a large peak whose retention time corresponded to that of oxygen (O2) while the cell was on ( Figure S2 ). A small peak due to hydrogen (H2), which presumably crossed-over the Nafion membrane from the other half-cell, was also observed. Tiny peaks corresponding to nitrogen (N2) were also occasionally detected as a shoulder on the oxygen peak; these were due to small air leaks into the system.
The gas ratios were determined by integrating the peaks and found to be typically 96 O2 : 4 H2 without light illumination. With light illumination, representative gas ratios were 89 O2 : 9 H2 : 2 N2. Neglecting H2, which came from the other half-cell, and trace N2, which came from the air, O2 was the only gas detected, both with and without light illumination. Gas bubbles formed on the Pt mesh counter electrode were also (and separately) shown to be pure H2 using the same equipment.
2.6
Changes in the electrolyte. As noted in section 2.1, PEDOT is susceptible to over-oxidation at pHs above 12 when biases of >0.8 V are applied. For this reason, the experiments were performed at pH 12. The electrolyte was not buffered since watersplitting effectively generates net protons at the anode, meaning that the pH should slowly Figure 6 . pH change during the first 20 h of the experiment displayed in Figure 5 .
decrease in the electrolyte about the coating. This expected change in pH provides a convenient means of testing for water oxidation at the coating. Figure 6 shows that the pH in the O2-generating anode half-cell decreased by 0.35 pH units during the first 20 h of operation. This is consistent with and indicative of water oxidation.
To check whether the electrode had formed any peroxide, which is an alternative oxidation product, we tested the solution after 5 h of operation with Qantofix ® peroxide test strips that were capable of detecting ≥180 µg of peroxide in the volume of electrolyte present. None was detected. As a total charge of 86.2 C had flowed through the cell during that time and peroxide generation involves 2 mol e -per mol peroxide formed, ≤0.000012% of the charge was indicated to have been involved in peroxide formation.
2.7
Studies on Other Possible Oxidation Processes. In order to further assess the incidence of other oxidation processes (outside of water oxidation), we examined the PEDOT is well-known to disintegrate/delaminate upon over-oxidation due to physical stresses arising from oxidatively-induced morphological changes in the coating and breaks in the polymer chains. 33 The robust integrity of the coating over 50 h of continuous operation ( Figure 5 ) indicates that the polymer was not further oxidized.
The flat, unchanging current of the control film containing only 6.0 mg rGO ( Figure 7 (c)) was not surprising. As noted earlier, the GO used in the film was prepared with a large excess of the powerful oxidant KMnO4, in sulfuric acid. As such, it was not subject to additional oxidation. This was further confirmed by the absence in the above GC studies of products that would result from such an oxidation, namely, CO or CO2 gas ( Figure S2 ). The only oxidation process that could have been expected in this respect was a reversal of the partial reduction to rGO that was performed immediately prior to The minimum quantity of oxygen produced by the most active PEDOT/nanoNi/rGO film could be determined by integration of the oxygen peak in the above GC studies ( Figure S2 ) and comparison with a previously determined calibration curve. This indicated that at least 50.9% (dark) and 52.2% (under light illumination) of the volume of oxygen expected from the electrons passing through the electrode was injected through the GC column in these studies. These results were, however, an under-estimate because the cell used in those studies ( Figure S1 ) could not be made gas-tight and had to be operated with a positive pressure of carrier gas to exclude air ingress. This resulted in leaking of an unquantifiable proportion of the product gas.
It can be concluded that the only possible oxidation process that could have occurred in the system beyond water oxidation, was the reversal of the partial reduction of GO performed immediately before catalytic testing. That represented <0.1% of the overall charge that passed through the electrode during 50 h of operation ( Figure 5 ). Accordingly, the Faradaic efficiency for oxygen generation was likely toward >99.9%, but unequivocally more than 50.9% (dark) or 52.9% (light). Even if the latter percentages were the more accurate, they indicate a 4-fold faster generation of O2 than the bare Pt electrode under the same conditions.
2.8
Characterization of the PEDOT/Nano-Ni/rGO Electrode. To determine the molar composition of the most catalytically active PEDOT film, with 125 mg nano-Ni and 6 mg rGO, elemental analysis studies were undertaken. As the quantity of material in such a film was far below the minimum needed for an elemental analysis, multiple identical films were prepared on FTO glass, dried, carefully scraped off, and combined.
Analysis of the combined films indicated that they contained 21.00% Ni, 8.54% S, 60.10% C, and no Fe. As only PEDOT contains S, while rGO contains only C and nanoNi contains only Ni, it was possible to calculate the molar ratio of PEDOT : Ni : rGO to be 4.5 (C; PEDOT) : 1 (Ni) : 9.5 (C; other).
The morphology of the PEDOT/Nano-Ni/rGO film was examined using Scanning Transmission electron microscopy (TEM) (Figure 9(a) ) showed that the nano-Ni particles and the rGO platelets were generally not in contact with each other, each being separately enveloped by the PEDOT. The nano-Ni particles were 20-50 nm in diameter (the dark structures in Figure 9 (a)), while the rGO plates were 200-300 nm wide and long (shown as the light-coloured background structures in Figure 9 (a)). Figure 9 (b) shows a TEM of the interface between the PEDOT and the nano-Ni. As can be seen, the PEDOT generally made seamless contact with the Ni lattice. This was also true for the rGO.
To establish whether the water oxidation catalysis changed the elemental composition and chemical states of the above PEDOT/nano-Ni/rGO film, it was further analysed, after 6 h of continuous operation, with X-ray photoelectron spectroscopy (XPS). The resulting spectra, which are shown as the individual data points in Figure 10 eV that corresponded to the S 2p3/2 and 2p1/2 binding energies. These derived from the C-S bond and S + , arising from the S atoms of the PEDOT fragments. The other two small peaks refer to 2p3/2 and 2p1/2 arising from sulfonic groups in the PTS structure. [43] [44] [45] [46] [47] The O 1s spectrum of the film had peaks at 529.8 eV, 531.8 eV and 533.8 eV. They relate to the binding energy of the Ni-O, C=O and C-O bonds respectively. [48] [49] [50] Finally, for the Ni spectrum, there were two main peaks due to Ni 2p1/2 and 2p3/2 transitions in the range 848-885 eV ( Figure 10(d) ). The main peak at 854.7 eV had an intense satellite at 861.2 eV, which represents Ni 2p1/2, while the peak at 872.2 eV with an intense satellite at 879.0 eV was due to the presence of Ni 2p 3/2, both of which are characteristic of the Ni 2+ ion. 51, 52 A number of conclusions could be drawn from the above characterization studies.
Firstly, the observed amplification of the catalytic effect did not derive from an interaction between the nano-Ni and the rGO in the film. These components were generally separately enveloped by the PEDOT, which formed an apparently seamless interface with them. The amplification also did not arise from chemical or elemental changes in the film during catalysis. Nor was it due to a catalytic effect arising from residual Fe left over from the polymerisation step. Indeed, we could not detect any significant differences in the SEM, TEM, and other characterization data for the higher and lower performing PEDOT/nano-Ni/rGO coatings. The apparent similarity in structure indicated that the relative catalytic properties of these films were most likely determined by an interplay between the activity of the Ni, the active surface area present and the average conductivity at the given film composition. (a) (c) 53 Data from Tafel plot studies (slope (A), exchange current density (io)). ('dark' = without light illumination; 'light' = with light illumination).
EIS and Tafel Plot Studies.
To further investigate the origin of the catalytic amplification, electrochemical impedance spectroscopy (EIS) and Tafel plot studies were undertaken. Figure 11 Figure 11 (a), and (II) a small arc at high frequencies (1,000-10,000 Hz) that is barely discernible at low Z values in the inset graph in Figure 11 the diffuse layer to the catalyst. 54 Accordingly, we modelled the EIS data with the equivalent circuit shown in Figure 11 (c). 55 The modelled results are depicted as the solid lines in Figure 11 (a). As can be seen, an excellent match was achieved with the measured data (shown by the individual data points in Figure 11 (a)). Table 1 lists key results of the modelling.
The capacitance Cdl provides a comparative measure of the electrochemically active area of the samples tested. As can be seen in Table 1 , the control bare Pt exhibited a substantially lower capacitance (9.9 µF cm -2 ) than the Pt/PEDOT/nano-Ni/rGO (34.0 µF cm -2 without light illumination, 38.9 µF cm -2 with light illumination). The
Pt/PEDOT/nano-Ni/rGO clearly had an electroactive area that was substantially larger than the bare Pt. The catalytic performance of the Pt/PEDOT/nano-Ni/rGO electrode was therefore due, in part, to a large catalytically active area.
The resistance associated with adsorption, Rad, and the charge transfer resistance, is, the catalytic amplification also appears to be associated with the very particular ratio of catalyst density to conductivity and thickness in the film.
During OER catalysis in basic media, electrons are generated at a catalyst. At a bias of 0.8 V, PEDOT is in its conducting form. When interfaced with an OER catalyst like nano-Ni, that is generating electrons, a PEDOT support will transport those electrons to the external circuit of the cell. In so doing, it would, effectively, also transmit the applied bias to the catalyst. The PEDOT in the above PEDOT/nano-Ni/rGO film containing 125 mg nano-Ni and 6.0 mg rGO, was clearly unusually efficient at carrying out these tasks. That could only have been the case if the electrical pathways between the catalyst sites and the external circuit were short and low-resistance.
The earlier-described characterization studies showed that the PEDOT in the film was porous. The PEDOT also enveloped and seamlessly interfaced with the additives in the film. In so doing, it would certainly have electrically connected a large number of catalytically capable Ni atoms to the external circuit. If the electrical pathways were, additionally, short and low-resistance then that would explain the high catalytically active area. It would also explain the strong transmission of the applied bias to the catalytic sites.
In other words, it appears that the composition of the above film, relative to the other, less catalytically active films described above, was such as to uniquely connect the largest number of catalytic sites by the shortest, least-resistive pathway. That pathway may have included rGO platelets.
That is, the amplification appears to have derived from a synergistic matching of the electrical connectivity, conductivity and catalytic capacity of the film.
The net result was the creation of a catalytic effect having an order of magnitude higher activity than bare Pt under the conditions of testing. To the best of our knowledge, the above amplification is the largest yet noted for PEDOT as a proportion of the comparable Pt catalytic activity under the same conditions. 1 The general nature of the above conclusions suggest that the above approach may potentially provide a means to maximize the utility of other thin-film conducting polymers in other catalytic processes.
CONCLUSIONS
In this work we have studied the conditions under which thin-film conducting polymer supports may be induced to synergistically amplify catalysis. Composite PEDOT films cleaned using a PLAMAFLO PDC-FMG Plasma cleaner and a DIG UV PSD PR SERIES digital UV Ozone cleaner. Sonication was carried out using a B2500R-MTH sonicator. Spin-coating onto the substrates was carried out using a WS-400B-6NPP/LITE spin-coater. Centrifugationwashing steps were carried out using using a ProSciTech TG16WS centrifuge.
Thickness measurements were made using a Vccco Dektak 150 profilometer. The electrical resistivity of the films after deposition, were measured using an HG29315 Jandel equipped with a four-point probe. The resistivity (in Ω/square) was calculated using the formula = t . Rs, where is resistivity, is sheet thickness and s is sheet resistance. Resistivity can then be converted to conductivity (S/cm). Scanning Electron Microscopy (SEM) images were taken using a JEOL 7500 FESEM. Elemental analysis was done by the Campbell Microanalytical laboratory at the University of Otago, New Zealand. pH measurements were done with an Oakton pH /conductivity meter. XPS measurements were carried out using a XPS PHI660 instrument.
GO Synthesis.
In order to prepare fully oxidized graphite, dry expandable graphite flakes were first thermally treated at 700 °C in a vertical tube furnace under N2 atmosphere. The resulting expanded graphite (EG) was used as a precursor for GO synthesis, following previously described methods. [57] [58] [59] [60] [61] Briefly, 1 g of EG and 200 mL of H2SO4 were mixed and stirred in a flask for 24 h. KMnO4 (5 g) was then added to the mixture slowly. The mixture was transferred into an ice bath and 200 mL of DI water containing 50 mL of 30% H2O2 were poured slowly into the mixture. The suspension changed colour to light brown. After stirring for another 30 min, the resulting GO particles were washed and centrifuged with a HCl solution (9:1 water:
c.HCl by volume), then centrifuged again and washed with DI water until the pH of the solution became 3 -4. The resultant GO sheets were dispersed in deionized water by gentle shaking.
Then, a GO dispersion in ethanol was prepared by extracting the water from the parent aqueous GO dispersion by repeated centrifugation-washing steps (6 times, for 10 -30 min each, at 11000 rpm). 62 The parent aqueous GO (15 mL) (~2.5 mg ml -1 ) was poured into a 50 ml centrifuge tube (Nalgene), to which 20 ml ethanol was added, followed by vigorous mixing using a vortex shaker. After each centrifuging, 30 ml of the supernatant was poured off and replaced with 30 ml of ethanol and then mixed vigorously by vortex shaking. This process was repeated a further 5 times to replace the water with ethanol. Finally, the dispersion was sonicated in a bath sonicator for 1 h before being centrifuged again to make a high concentration dispersion (~30 mg/ml GO). The resulting dried FTO-coated samples were converted to usable electrodes by attaching a copper wire to the FTO surface with conductive silver paint and epoxy resin. When the silver paste was fully solidified, epoxy glue was used to cover the contact area of the wire as well as any exposed clean FTO glass surface.
Preparation of PEDOT
Immediately prior to testing as a (photo)electrocatalyst, the GO present in all films was reduced electrochemically to rGO using cyclic voltammetry (performed in 0.2 M Na2SO4 (pH 12); 5 cycles between -1.2 V and 0.8 V, vs. Ag/AgCl, at 50 mV/s scan speed). 
Studies of PEDOT

Gas Analysis
Studies. Photocurrent testing of high performing PEDOT/Nano-Ni/rGO samples on FTO glass with simultaneous gas analysis was performed using a custom-built apparatus. The apparatus, which is depicted in Figure S1 (Supplementary Material), comprised of a fully-enclosed electrochemical cell containing two sealed, half-cells whose electrolytes were separated only by a Nafion 117 proton exchange membrane (5 cm x 4 cm). The one half cell contained the working electrode sample and a Ag/AgCl reference electrode. The other half-cell contained the Pt mesh counter electrode. One wall of the former half-cell was a quartz sheet.
Illumination from the above light source was passed through the quartz sheet onto the working electrode. The incident light was filtered with the above bandpass filter. The electrodes were connected to a CHI potentiostat. The gas outlets for the working and counter electrode half cells were connected with gas-tight polymer and stainless steel tubing to sample loops connected to a dedicated Shimadzu GC-8A gas chromatograph.
After fitting the electrodes, both half cells were filled with electrolyte. The electrolyte in each half cell was then separately purged with Ar gas overnight to remove all air inside the cell (without a voltage or light-illumination being applied to the cell). Thereafter, the Ar passing through each half cell was sampled, injected and analysed using the attached gas chromatograph, with the results plotted over 30 min of elution time. The analyses verified that there was no gas other than Ar detected in the gas streams passing through each half-cell. The Ar gas, which was continuously bubbled through the electrolyte throughout the photocurrent experiment, acted as a carrier gas for the connected GC.
A voltage bias of 0.8 V (vs. Ag/AgCl) with and without light-illumination was then applied to the cell, whereafter the carrier gas was tested as described above, for electrocatalysis product gases using the GC. The identities of the gases in the carrier Ar were determined by their retention times. Their relative proportions were determined by integrating the area under their respective peaks. GC testing of this type, after illumination and biasing, provided a well-founded estimate of the proportions of gases produced by the films.
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